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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-83 

MMING OF WAKES LN A TURBULENT SHEAR FLOW 

By Sa lmon  Eskinazi 

SUMMARY 

Measurements were taken i n  the  wake of a two-dimensional cyl inder  
placed i n  a f u l l y  developed t u r b u l e n t  viscous layer  ins ide  a two- 
dimensional channel. The experimental survey consis ted mainly of 
temporal mean ve loc i ty ,  s ta t ic-pressure d i s t r ibu t ions ,  turbulence 
ve loc i ty ,  and sca l e  measurements. The survey per ta ins  t o  cyl inder  
pos i t ions  across  the  layer  ranging from 0.072 t o  0.5 of t he  channel 
width f o r  pos i t ions  downstream of the  wire from 5 t o  1,000 w i r e  diam- 
e t e r s .  In  the  temporal-mean-velocity d i s t r ibu t ion ,  t he  mixing process 
showed t ransverse s i m i l a r i t i e s  t o  the  free-stream mixing of turbulen t  
and laminar wakes. The longi tudina l  r a t e  of mixing of the  wake a t  the  
center  of the channel i s  l a r g e r  than tha t  i n  a f r e e  stream with low 
turbulence l eve l s ,  and when the wake is  near t he  w a l l  the  r a t e  of mixing 
i s  even g rea t e r .  Some discussions are  includer7 concerning the process 
of decay, when the wire i s  very near  the w a l l  and the  wake spreads t o  
the  wall. The Reynolds number of the  flow i n  the  channel based on the  
half-width of t he  channel and the  space mean v e l o c i t y  i s  86,000, and 
t h a t  of t h e  cyl inder  based on i t s  diameter and the  space mean v e l o c i t y  
i s  2,240. 

INTRODUCTION 

The decay of unres t r ic ted  shear flows or ig ina t ing  from veloci ty  dis- 
c o n t i n u i t i e s  grcduced by j e t s ,  wakes: and cav i t i e s  has been of consider- 
able i n t e r e s t  i n  the p a s t  years. Most of the work performed on t h i s  
subject ,  whether ana ly t i ca l ,  semiempirical, o r  experimental, deals with 
the  study of shear flows generated i n  f r e e  streams with low turbulence 
l e v e l s .  The a n a l y t i c a l  and semiempirical approaches t o  the  so lu t ion  of 
laminar or tu rbulen t  j e t s  and wakes are  a l l  based on the  view that there  
i s  a region downstream of the disturbance or nozzle mouth where the  
mean flow assumes a l a t e r a l  universal  d i s t r i b u t i o n .  Experimental i n -  
ves t iga t ions  r i g h t f u l l y  do j u s t i f y  t h i s  assumption. Furthermore, t he  
universa l  charac te r  of the  mean flow i n  the  l a t e r a l  d i r e c t i o n  has been 
experimentally shown t o  be unique whether i t  per ta ins  t o  the  j e t  o r  the 
wake i n  two or th ree  dimensions. I n  o ther  words, t he  dimensionless 
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veloci ty  p r o f i l e  i n  the  wake of a cy l inde r  o r  a j e t  i n  two o r  three 
dimensions a t  l a rge  dis tances  f r u n  the o r i g i n  i s  independent of t h e  
shape of the  body t h a t  o r i g i n a l l y  generated t h i s  v o r t i c i t y  f i e l d .  
This  f a c t  i s  i l l u s t r a t e d  i n  t h i s  paper with fa i r  c e r t a i n t y .  A l l  that has 
been sa id  i n  t h i s  introductory discussion p e r t a i n s  t o  t h e  f ind ings  of pre-  
vious invest igators  such as Sch l i ch t ing  refs .  1 and 2 ) ,  Tollmien (refs.  
3 and 4), Reichardt ( r e f .  5}, Forthmann 1 re f .  6) ,  and r ecen t ly  Corrsin 
(ref.  7)  and Townsend (ref .  a}, and o the r s .  The inves t iga t ion  presented 
i n  t h i s  paper i s  pr imari ly  concerned with the  e f f e c t s  of upstream t u r -  
bulence l eve l  and veloci ty  gradients  on the  decay of wakes r e s t r i c t e d  i n  
a channel flow. The upstream conditions ahead of t he  c y l i n d r i c a l  w i r e  
producing the wake were chosen t o  be those of a f u l l y  developed tu rbu len t  
flow i n  a channel. The conditions of t he  upstream flow are thus w e l l  
es tabl ished,  because o f  the  work of Reichardt (refs.  9 and 10) and 
Laufer (ref. 11). The c y l i n d r i c a l  wire w a s  then placed a t  various loca- 
t i o n s  in  the  f u l l y  developed turbulent  shear l aye r  and i t s  process of 
decay measured u n t i l  the  flow assumed i t s  o r i g i n a l  f u l l y  developed char- 
a c t e r .  This paper contains an ana lys i s  based on experimental observations 
of t he  mean-velocity decay, s t a t i c -p res su re  decay, and turbulence decay 
behind the  cy l inde r  placed i n  the  viscous l a y e r  a t  various dis tances  
from the channel w a l l s .  

For turbulent  wakes and je t s  any a n a l y t i c a l  i nves t iga t ion  a v a i l a b l e  
today i s  based on a so-cal led "semiempirical ana lys i s "  which makes use 
of P rand t l ' s  mixing-length hypothesis, Boussinesq's constant-shear- 
coe f f i c i en t  hypothesis, or Taylor 's  constant t r anspor t  of v o r t i c i t y .  
Naturally these assunlptions become very u s e f u l  i n  handling mathematically 
the  add i t iona l  turbulent  terms that appear when turbulent  motion i s  con- 
sidered. A l l  of these assumptions are i n  fair agreement w i t h  t h e  experi-  
mental measurements taken across  the  wake o r  j e t .  The work p e r t a i n i n g  
t o  t h i s  paper i s  -compared with the  ana lys i s  f o r  wakes i n  free-stream 
turbulent flow. 

This i nves t iga t ion  w a s  c a r r i e d  out  a t  Syracuse University under the  
sponsorship and with the  f i n a n c i a l  a s s i s t a n c e  of the  National Advisory 
Committee f o r  Aeronautics. 

SYMBOLS 

b0 value of yw where ve loc i ty  def ic iency i s  ha l f  t h a t  of i t s  maximum 

drag coe f f i c i en t  of wire computed from momentum change 

diameter of t r i pp ing  wire, 0.049 in .  

CD 

D 

d channel width measured loca l ly ;  dav = 3.856 i n .  

F(n) power spectrum of turbulence 

L decay length u n t i l  AUT = 0.03 Us 
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LX 

M 

n 

P 

P' 

AP 

uca 

u* 
u',v' 

Y 

Yw 

7 

U 

x-component of integral scale 

time constant of hot wire 

turbulence frequency 

local static pressure 

turbulent static-pressure fluctuation 

static-pressure drop with reference to wall static pressure 

dynamic pressure corresponding to undisturbed velocity 

turbulent dynamic-pressure fluctuation 

x-component of correlation function 

x-component of temporal mean velocity 

space mean velocity 

maximum velocity in undisturbed shear flow 

undisturbed velocity ahead of and at center of disturbance 

total velocity as measured 7/v2 + V2, very nearly equal to 

velocity deficiency in wake, nearly equal to u1, or deficiency 

U 

in U 

free-stream velocity 

shearing velocity, d q  
instantaneous turbulent velocity fluctuations in x- and y- 

velocity perturbation in x-direction 

root mean square of u f  

y-component of temporal mean velocity 

velocity perturbation in y-direction 

Cartesian coordinate along length of channel 

Cartesian coordinate normal to channel walls 

coordinate from center of wake 

directions 

y-location of axis of tripping wire 

kinematic viscosity of air  
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E dimensionless v e l o c i t y  def ic iency 

P dens i ty  of a i r  

0 r a t i o  of compensated t o  uncompensated s i g n a l  from h o t  wire 

Tu) shear s t r e s s  a t  w a l l  

Superscript  : 

- t i m e  average 

ANALYTICAL CONSIDERATIONS 

The problem under consideration i s  t h e  tu rbu len t  mixing i n  the wake 
of a n  i n f i n i t e  cyl inder  placed i n  a two-dimensional f u l l y  developed chan- 
n ? l  turbulent shear l a y e r .  
gradients together with the  comparatively high levels  of turbulence makes 
the  exact s o l u t i o n  of t he  problem un t rac t ab le  because of t he  complicated 
nature o f  t he  flow phenomenon. 
r e s u l t s  obtained through semiempirical hypotheses. 

The presence of  t h e  pressure and ve loc i ty  

Attempts are made he re in  t o  explain the  

Two-Dimensional Wake i n  a Laminar Free Stream 

Because the  decay length of t he  wake i s  much l a r g e r  than i t s  width, 
m n y  terms i n  the  Navier-Stokes equations become very small compared w i t h  
o thers .  
by Oseen are 

Far enough downstream of the  cyl inder  the pe r tu rba t ions  suggested 

u = u, + u 1  

and 

v = v 1  

When U,, t he  va lue  of t h e  veloci ty  i n  the  f ree  stream, and 
l o c i t y  deficiency i n  the  wake considered negative, are s u b s t i t u t e d  i n  the 
Navier-Stokes equations, one obtains  a l i n e a r i z e d  set of equations 

u1, t he  ve- 

provided U, 
ul(aul/dx) and 
equation (1) . 

i s  a constant  and far enough downstream terms l i k e  
Ul(av1/aX) are small compared w i t h  t h e  ones i n  

& 

c 



Since the  angle of  the wake s&irei2 i;; cmo l1 -  the measured values of 
the long i tud ina l  veloci ty  represent  UT e d e  = U and the measured 
ve loc i ty  deficiency AUT = u1. 
is used i n  t h e  analysis ,  while the experimental results are shown as 

For s implici ty  i n  the  presentat ion,  u1 

&JT. 

The con t inu i ty  equation is 

au1 + a v 1  
a x a y  

The general  so lu t ion  t o  t h i s  problem ( r e f .  1 2 )  i s  i n  t h e  form 

J 
where k = U'/2v and t h e  funct ions cp and x satisfy: 

and 

2 (V2 - k > X  = 0 

The d i f f e r e n t i a l  equat ion f o r  x i n  u 1  solves  i n  t h e  form 

X = 2 CnK,(kr)cos ne 
n=O 

where Cn i s  a constant, Kn i s  t h e  modified Bessel function, r i s  the  
rad ia l  d i s t ance  from t h e  center  o f  the cylinder,  and 6' is  the  angular 
coordinate .  For l a r g e  values of  r and small values of 8 ,  which ind i -  
c a t e  t he  flow far from t h e  cyl inder  and in s ide  the  wake, one can show i n  
t h e  l i m i t i n g  case that 

Z cn 
~ )1/2 -kr ( l  - COS e )  

u 1  = - e 2kr ne0 
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B u t  then for l a rge  r and small 6 

2 2 
h e 2  = - k - = - 1 YW UmYw 

k r ( 1  - COS 6) = 2 x 4ux 

and consequently far downstream the s o l u t i o n  takes the form 

It should be noted a t  t h i s  p o i n t  that i n  a channel flow w i t h  constant 
pressure gradient  equation ( l a )  and consequently ~ 4 p  3: o are not satis- 
f i e d .  The e f f e c t  on the pressure drop i n  the channel i s  discussed la ter .  
The solut ion of equstion (2 )  i s  the same if one neglects p and v t o  
begin with and solves the parabol ic  equation 

The a r b i t r a r y  constant 
t i o n  and i n  t h i s  case a t  x = 0. If t h e  coordinate system i s  t r a n s l a t e d  
t3 the center of the  wake, and when yw = 0, u l  5: ( ~ 1 ) ~ ~ ~  - x-’l2, then 
the dimensionless form of  veloci ty  def ic iency given i n  equation (2 )  becomes 

C must be found from t h e  so-cal led i n i t i a l  condi- 

L e t  yw = bo where = 112; then equation (4) becomes 

where a = 0.6932, 5 e yw/bo, and bo = 1.66 f i / f lm.  It i s  s u r p r i s i n g  
t o  know that  experimental data p e r t a i n i n g  t o  laminar and turbulent  wakes 
agree very we l l  w i t h  the dimensionless form of  equation (5) .  It i s  even 
mere surpr is ing t o  see i n  f i g u r e  27  that equation (5) does not l i m i t  i t se l f  
t o  wakes alone bu t  describes very w e l l  the behavior of laminar o r  t u r b u -  
l e n t  j e t  flows. 

This extreme s i m i l a r i t y  i n  the laminar and turbulent  mixing i s  what 
l e d  Reichardt ( ref .  13) t o  be l i eve  that  there should be a universal  l a w  
f o r  the f r ee  mixing of any type of ve loc i ty  d i scon t inu i ty  set  up i n  the 
free  stream. What i s  m 2 s t  f o r tuna te  f o r  this inves t iga t ion  i s  that, de- * 
s p i t e  the d i f f i c u l t i e s  introduced by the tu rbu len t  f u l l y  developed shear 
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laypr and the  pressure drop, f i gu re  7 shows s t i l l  a remarkable agreement . with equation (5) derived f o r  laminar f l o w  i r i  the fx: C?X'PIIII. The ex- 
perimental r e s u l t s  i n  f igu re  7 were extended purposely on both sides of 
t he  wake i n  order t o  examine the e f f ec t s  of the asymmetry i n  the  boundary 
condi t ions.  It  should be noted here tha t  f o r  pos i t ions  of t he  c y l i n d r i c a l  
wire inves t iga ted  i n  t h i s  work the  dimensionless ex- 
perimental r e s u l t s  co r re l a t e  w e l l ,  as shown i n  f igu re  7. A general  
statement f o r  t he  e n t i r e  boundary layer  should not  ye t  be infer red .  For 
pos i t ions  
become extremely la rge ,  t he  behavior of the  wake i s  i n t u i t i v e l y  expected 
t o  be d i f f e r e n t .  Also i n  t h i s  region very near the  channel wall, t he  
presence of the  wall on one s ide  of the  wake w i l l  l i m i t  g r e a t l y  the  t r ans -  
p o r t  of energy and momentum. The experimental r e s u l t s  i n  f i g u r e  6 f o r  
v/d = 0.0715 s u b s t a n t i a t e  this f a c t .  Another important point  t o  remember 
a t  t h i s  s tage i s  that equation (5) does not  e x p l i c i t l y  determine the  de- 
pendence of u1 on x and yw, except f o r  the  laminar free-stream case 
solved. Schl icht ing (ref.  14) tabulates  the  dependence of u 1  and bo 
on x f o r  various experimentally invest igated free-mixing problems. 
The dependence of u1 and bo per ta ining t o  this work i s  es tab l i shed  
experimentally i n  f igu res  24 and 25. 

0.20 < q/d < 0.50 

0 < v/d < 0.20, where turbulent ag i t a t ions  and energy t ranspor t s  

Wakes In Pressure Gradients 

Since Goert ler  ( r e f .  15) has shown t h a t ,  with the  assumption of a 
constant shear c o e f f i c i e n t  i n  the  wake, the  turbulen t  wake i n  t h e  f r e e  
stream reduces t o  t h e  same problem as t h a t  of the  laminar wake with t h e  
exception that the  kinematic v i s c o s i t y  v i s  replaced by a " v i r t u a l  
kinematic: v i scos i ty"  which includes the e f f e c t s  of t he  turbulen t  shear  
s t r e s ses ,  the  influence of t he  turbulence l e v e l  on the  dimensionless 
so lu t ion  (5) i s  neglected here.  Since the  diameter of the  wire D i s  
approximately 0.02 d, it i s  assumed fo r  the  ranges of 
that 
Then modifying equation (3) by including the constant pressure gradient  
y i e l d s  

v/d inves t iga ted  
U i s  an average value of the  undisturbed flow j u s t  outs ide the  wake. 

ap/ax = -A 

This equation i s  s imi la r  t o  t h e  one-dimensional unsteady-state hea t  con- 
duction equation f o r  constant heat  generation. 
can reduce equation ( 6 )  t o  the  form of equation ( 3 ) ,  which can be solved 
readi ly .  The two transformations a r e  u 1  = cp + (A/pU,)x and 
u1 = cp - (A/2pv)y2. Upon subs t i tu t ion  equation ( 6 )  takes  the form of 
equation (3) i n  cp. Because of these subs t i tu t ions ,  some d i f f i c u l t i e s  do 
a r i s e  when s a t i s f y i n g  the  boundary conditions. The f i r s t  transformation 
i s  not  adequate, s ince  u1 grows w i t h  x .  The second transformation 

Two simple transformations 
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a l s o  gives d i f f i c u l t i e s  when y i s  very large,  but  if  one assumes t h a t  
t h e  wake has a f i n i t e  width b where cp - (A/Zpv)b2 = 0 and consequently 
neglects the  outer  region, t h e  problem reduces t o  the  previous so lu t ion  
from equation (3) minus a parabol ic  term i n  
pressure gradient i s  then f e l t  on the  o u t e r  regions of' t he  wake depending 
on the value of 
near v i c i n i t y  of it, 

.. 

y. The influence of t h e  

A (see following sketch).  Behind t h e  w i r e  and i n  t he  

p I 

ap/ax > O  
consequently the  e f f e c t  then is t o  increase the values  of 
edges of t he  wake. 
x/D A s  long as 
ap/ax 
comparison of data pe r t a in ing  t o  viscous wakes i n  t h e  v i c i n i t y  and far  
away f r o m  t h e  cyl inder  one can conclude t h a t  t h e  pressure gradient  must 
be qui te  l a rge  t o  d i s t ingu i sh  i t s  e f f e c t s  from experimental e r r o r s .  

f o r  t h e  viscous wake and i s  usua l ly  much l a r g e r  than A, and 

From f i g u r e  7 t h i s  observation can be f o r  values of 
u 1  toward t h e  

l e s s  than t h e  equilibrium region of t h e  wake o r  j e t s .  
i s  mild, i t s  e f f e c t s  can be neglected.  From f i g u r e  7 and from 

& 
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Since experimental resu l t s  show that the dimensionless a n a l y t i c a l  
form of the mean-velocity deficiency given i n  equation (5) i s  i n  good 
agreement with wakes i n  a flow f i e l d  w i t h  zero or f i n i t e  mean v o r t i c i t y ,  
wi th  low o r  r e l a t i v e l y  high l e v e l s  of turbulence one may consider t he  
r e l a t i o n  as universal .  The material i n  the appendix extends th i s  univer- 
s a l i t y  t o  two-dimensional and round je ts .  Since r e l a t i o n  (5) ,  as already 

I mbsntioned, does not state e x p l i c i t l y  the dependence of (ul)max and bo 
) 
I on x, f o r  l ack  of a n  exact turbulent  solut ion (ul)max and bo mus t  be 

1 determined experimentally s o  that u1 o r  approximately AUT i s  known as 
a funct ion of x and y. Schl icht ing (ref. 14) gives from experiments 
these funct ions i n  tabulated form f o r  the f ree  mixing of j e t s  and wakes. 
Natural ly  owing t o  t h e  r e l a t i v e l y  high turbulence l e v e l ,  v o r t i c i t y ,  pres-  
s u r e  gradient,  and r e s t r i c t e d  motion, the x-dependence of AUT and bo 
d i f f e r s  i n  the  shear l aye r  from those already t abu la t ed  by Schlichting. 
These funct ions are represented i n  f igures  24 and 25. 
bo on x/D seems t o  be t h e  same f o r  a l l  0.2 < q/d < 0.5, while t h e  de- 

smaller values of q/d. 

The dependence of 

b pendence of ( ~ 1 ) ~ ~  = (AUT)max shows a s l i g h t  t rend of fas ter  decay f o r  

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Wind Tunnel 

The experimental resu l t s  were obtained i n  the wind tunnel  a t  Syracuse 
University designed e spec ia l ly  for t h i s  i nves t iga t ion .  A s i d e  view of 
t he  tunnel  i s  shown i n  f i g u r e  1. On t h i s  f igure,  after t h e  nozzle, the  
p a r t i t i o n  0.064 by 60 by 144 inches does not  apply t o  t h i s  work and con- 
sequently should not mislead the  reader. For two-dimensionality, t h e  
i n t e r n a l  c ross  sec t ion  of t he  channel has an aspect r a t i o  of 14.5.  
The channel w a l l  s ec t ions  are made of 3/4-inch by 5-foot by 10-foot 

b i r c h  veneered plywood. Dry and t rea ted  maple r i b s  1~ by 2 by 60 inches 

were glued under pressure behind t h e  plywood sheet  a t  12-inch i n t e r v a l s .  
F ina l ly ,  on a f l a t  table,  under pressure, a sheet  of 1/4-inch by 5-foot 
by 10-foot plywood w a s  screwed on the r i b s .  This backing sheet ensured 
a d d i t i o n a l  s t i f f e n i n g .  The end r ibs  of each sec t ion  were wider maple 
r i b s ,  p r e d r i l l e d  for doweling and machined before  they were cu t  i n  h a l f .  
This process ensured exce l l en t  matching when two sec t ions  were joined 
together .  
of  bronze c y l i n d r i c a l  inser t s  o r ig ina l ly  ground perpendicular t o  the  a x i s  

d r i l l e d  w i t h  a p rec i s ion  machine-shop d r i l l  r e s t i n g  on the su r face  of t h e  
plywood i t s e l f  (see f i g .  2 ) .  

1 

The s t a t i c -p res su re  taps and the probing s t a t i o n s  were made 

- of t he  cyl inder .  The holes on t h e  walls t o  r ece ive  these  i n s e r t s  were 

The w a l l s  w e r e  coated with a moisture sealer 
b 
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and fu rn i tu re  wax. 
minum channels machined f o r  square sides and uniform width. 

The top and bottom channel spacers were m.tde of a l u -  . 

Tripping Wire and I t s  Mechanism 

The diameter of t he  t r i p p i n g  w i r e  was chosen such t h a t  i t s  Reynolds 
number, based on the  lowest veloci ty  a t  t h e  w i r e  p o s i t i o n  i n  t h e  shear 
layer ,  w a s  l a r g e r  than the  upper limit of the pe r iod ic  vortex formation. 
The upper l i m i t  on the diameter of  t he  w i r e  w a s  governed by i t s  blocking 

1 

area i n  the  channel ES than 1-percent . The diameter of t he  w i r e  used 

f o r  t h i s  i nves t iga t ion  was 0.049 inch, which gave a blocking r a t i o  of 1;?- 
percent.  This r a t i o  i s  small enough so that i t s  e f f e c t s  can be neglected.  
The piano wire was  held through t h e  channel with some tension by two l a t h e  
s l i d e  r e s t s  mlsunted on t h e  top and bottom of t h e  channel. The s l ide  r e s t  
had two lead screws with graduated c o l l a r s  t h a t  provided accurate  longi-  
t ud ina l  and t ransverse motion of t he  wire i n  the  shear l aye r .  Before any 
measurement, t he  w i r e  was brought i n  contact w i t h  t he  probe and then moved 
back t o  the desired pos i t i on .  

1 1 (le 2 

4 

Probe Traversing Mechanism 

For measurements across  the viscous l a y e r  and t h e  wake, a t r ave r s ing  
mechanism similar t o  the  one shown i n  f i g u r e  2 wi th  an add i t iona l  posi-  
t i v e  displacement d i a l  i nd ica to r  w a s  used. The accuracy of  t h e  probe 
displacement was b e t t e r  than 0.001 inch. 

Total-  and Stat ic-Pressure Probes 

The to t a l -p re s su re  probes were made of small brass tubing f la t tened  
at the  sensing end t o  an opening of 0.005 inch. The w a l l s  of t h e  f l a t t e n e d  
tube were then ground to  0.007 inch. Since measurements were not per-  
formed a t  a dis tance less than x/D = 5.1, where the width  of t he  wake w a s  
0.25 inch, the  opening of the to t a l -p re s su re  probe was approximately one- 
f i f t i e t h  t h e  width of t h e  wake. These proportions ensured accurate  t o t a l -  
pressure measurements i n  regions with moderately high ve loc i ty  gradients .  
The s t a t i c -p res su re  probes were made wi th  0.024-inch-outside-diameter 
tubing f i l e d  smooth a t  t h e  end and with only two ha le s  d r i l l e d  along the 
axis of the t r i pp ing  w i r e .  Without t h e  t r i p p i n g  w i r e ,  t h e  s t a t i c  pres-  
su re  across the channel, except i n  t h e  immediate v i c i n i t y  of t he  w a l l s ,  
was very nearly equal t o  the  value a t  the w a l l s .  I n  any case, the ca l -  
i b r a t i o n  of the probe i n  t h e  channel without the t r i p p i n g  w i r e  was  con- 
sidered, even though i t  w a s  small compared w i t h  t he  s t a t i c -p res su re  d i s -  
t r i b u t i o n  behind the w i r e ,  I n  a l l  cases, t h e  s t e m  o f  t h e  probe produced L 
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c 

b 

a small s h i f t  i n  t he  a x i s  of the  wake. This small s h i f t  remained a l m o s t  
constant throughout the  experiiiiciita, EL< I t  IC ~2!ien!xsed. I 8 . k p r  - 

Hot -Wire Equipment 

The hot-wire equipment was of t h e  constant cu r ren t  type .  The se t  
w a s  designed and b u i l t  a t  Syracuse University and w a s  similar t o  the  set  
mentioned i n  reference 1 6 .  The wires used were tungsten,  0.00015 inch 
i n  diameter, and displayed a t i m e  constant of approximately 1.0 m i l l i -  
second. The compensation of t h e  wire delay w a s  good up t o  15 k i locyc le s .  
The hot wire w a s  copper p l a t e d  and mounted on long, t h i n  jeweler broaches 
t o  reduce t h e  inf luence of t h e  probe on t h e  flow. 

EXPFJUMENTAL F23SULTS 

Preliminary Measurements Without Tripping Wire 

Since the object  of t h i s  work i s  t o  analyze the  decay phenomenon of 
a wake i n  a turbulent  viscous layer ,  a f u l l y  developed viscous l a y e r  w a s  
chosen f o r  the i n i t i a l  conditions o f  the flow. There a r e  two e s s e n t i a l  
reasons for this choice. The f irst  consideration was that this  type of 
flow has been thoroughly investigated,  and consequently i t s  p r o p e r t i e s  
are w e l l  known. The second and most important considerat ion w a s  t h a t  no 
f u r t h e r  development of t h e  flow i tself  (without t h e  t r i p p i n g  wire) could 
be t o l e r a t e d  i f  t he  e f f e c t s  of t h e  cy l ind r i ca l  disturbance alone were t o  
be analyzed. Figure 3 shows the s t a t i c -p res su re  drop along the  channel 
without t h e  presence of t he  w i r e .  The approximate looa t ion  of t h e  t r i p -  
ping w i r e  i s  shown. The percent width v a r i a t i o n  through the e n t i r e  chan- 
n e l  i s  a l s o  shown, together with the co r re l a t ing  evidence of  t h e  departure 
from l i n e a r  s t a t i c -p res su re  drop due t o  width v a r i a t i o n s .  Considering 
t h e  channel width, tge w i d t h  var ia t ions are w e l l  w i t h i n  expected tolerances 
f o r  wood construct ion.  An estimate was made of t h e  d a i l y  va r i a t ions  of 
t h e  widths due t o  changes i n  atmospheric conditions.  The maximum value 
observed w a s  1/2 percent.  Upstream of t he  t r i p p i n g  wire, t he  msan- 
ve loc i ty  d i s t r i b u t i o n  and turbulence in t ens i ty  showed t h e  flow had reached 
t h e  fully developed state. Figure 4 shows the logarithmic form of the  
m?an-velocity d i s t r i b u t i o n  a t  two longi tudinal  s t a t i o n s  i n  the  neighborhood 
of t h e  wire loca t ion .  
s en t s  t h e  ve loc i ty  p r o f i l e  upstream of t h e  t r i p p i n g  wire and a t  the  end 
of t h e  decay process.  

Furthermore, i n  f i g u r e  5 ( a )  t h e  lower curve repre-  

Figure 4 a l s o  shows t h a t  the viscous l aye r  i n  t h i s  work fa l l s  between 
t h a t  reported by Laufer ( r e f .  11) f o r  h i s  channel and the general ly  ac- 
cepted l a w  f o r  t h e  f l a t - p l a t e  boundary l aye r  without p re s su re  gradient .  
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The value of t he  in t e rcep t  of t h e  logarithmic l a w  for t h i s  
of Laufer are almost the  same. This i s  not a coincidence, 
cases the wind-tunnel walls were made of b i r c h  plywood a n d  
w a s  t r ea t ed  i n  the same fashion. The s lopes of t he  curves 

work and t h a t  
s ince  i n  both 
t h e i r  surface 
are d i f f e r e n t ,  

- 

and a survey o f  t h e  l i t e r a t u r e  showed t h a t  t h e  s lope depends on the  l e v e l  
of the pressure gradient .  

The Reynolds number of t h e  channel based on t h e  space mean ve loc i ty  
The shear stress a t  t h e  w a l l  com- and half the  channel width i s  86,000. 

puted from the  pressure drop i s  

sc 0.0014 -- 
Pug 

This value w a s  a l s o  v e r i f i e d  from measurements of t h e  mean v e l o c i t y  i n  t h e  
sublayer obtained w i t h  t h e  hot-wire anemometer. 
t ha t  the flow w a s  two-dimensional within t h e  accuracy of measurements. 

Measurements a l s o  showed 

4 
Space Mean Veloci t ies  i n  Wake 

Mean-velocity measurements were taken a t  s i x  pos i t i ons  i n  the shear  
layer ,  namely, at values of of 0.0715, 0.20, 0.29, 0.35, 0.40, and 
0.496. Longitudinal dis tances  behind the w i r e  for each t r ansve r se  posi-  
t i o n  ranged f o r  values of x/D shown i n  f i g u r e  5. As seen from t h e  f i g -  
ures, two methods were used t o  make the  measured v e l o c i t i e s  dimensionless. 
The quan t i t i e s  shown i n  f i g u r e  5(a) are compared w i t h  t h e  s p a c i a l  mean 
velocity for t he  reason t h a t  at c e r t a i n  loca t ions  of t h e  wire the  maxi- 
mum velocity i n  the  shear l aye r  f e l l  i n s i d e  the wake. This method, a l -  
though adequate, involved space i n t e g r a t i o n  of the ve loc i ty  p r o f i l e s .  
The second method, j u s t  as adequate, consis ted o f  successive measurements 
i n  the  wake and corresponding measurements 60 t o  120 diameters upstream 
of the  wire. The advantage of t h i s  method over the  f i r s t  one was t h a t  
corresponding measurements a t  e q u a l  y/d's 
taken consecutively. S c a t t e r  i n  the  d e f i c i e n c i e s  of t he  v e l o c i t i e s  was 
somewhat reduced. The value of Uo i n  f i g u r e s  5(b)  and (c )  r e f e r s  t o  
the  maximum ve loc i ty  upstream of the  w i r e .  
( r e f .  17), t h e  stem of the probe caused a s l i g h t  sh i f t  of the center  of 
the  wake  i n  a d i r e c t i o n  away from the  s i d e  of the s t e m .  This shif t  w a s  
cansis tent  a t  a l l  q/d values, including the cen te r  of the channel. The 
s h i f t  was l a r g e s t  i n  t h e  v i c i n i t y  of t he  wire and decreased very fast  
downstream, approximately (1/2)D a t  a d i s t ance  10D downstream and a 
l i t t l e  less than 2D a t  about x/D = 240. The d i s t r i b u t i o n s  of the mean 
velocity i n  the wake shown i n  f i g u r e  6 were corrected for t h i s  s h i f t .  A t  
f i rs t  t h i s  w a s  considered the e f f e c t  of c i r c u l a t i o n  around t h e  w i r e  due 
t o  an undisturbed flow w i t h  a ve loc i ty  gradient .  
e f f e c t  showed i t  t o  be much smaller than t h e  measured sh i f t  of the cen te r  
of t he  wake. 

'q/d 

upstream and i n  the  wake were 

A s  mentioned by Kovasznay 

Calculat ions of t h a t  

The veloci ty  deficiency i n  the wake i s  p l o t t e d  i n  f i g u r e  6 
c 

P 
I 
t 

U 
a 
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as a L & $ ~ G  ta t h e  Linrlisturbed ve loc i ty  a t  t he  center  and upstream of the 
wire Us. I n  this form t h e  process can be compare& ~ T t h  tkt sf a. f ree-  
stream flow. 

For the  choice of D/d = 0.0127 selected,  it w a s  found t h a t  i n  the  
regions 
disappears before one s ide  reaches the  wall. This region i s  analyzed 
here i n  more d e t a i l .  v/d C 0.20, as shown f o r  instance i n  f igu re  
6 f o r  v/d = 0.0715, one s ide  of the  wake soon spreads t o  the  w a l l ,  and 
i t s  mixing process i s  completely a l te red ,  s ince because of the  presence 
of the  s o l i d  boundary the  wake received very l i t t l e  energy t r a n s p o r t  from 
the  surroundings a t  t h a t  s ide  as compared with i t s  f r e e  s ide .  
quently, the  e n t i r e  mixing process suddenly becomes much slower. From 
t h i s  t i m e  on this process was excluded from the  subsequent ana lys i s ,  no t  
because of a lack  of i n t e r e s t ,  but  because it introduces the a d d i t i o n a l  
e f f ec t s  of the  parameter D/d. When t h i s  decay process i s  p l o t t e d  as i n  
f igu re  24,  it starts i n  the  same fashion as the  other  curves but  l a t e r  
remains almost p a r a l l e l  t o  the case of Townsend. 

0.20 < v/d < 0.50, f o r  half  the channel flow, the  wake completely 

When 

Conse- 

Looking a t  the  ve loc i ty  d i s t r ibu t ions  i n  f igu re  5, except f o r  the  
center  of t he  channel, the  d i s t r ibu t ion  of the  v e l o c i t y  i n  the  wake i s  
not  symmetrical with respec t  t o  the  d i rec t ion  of flow. However, when 
v e l o c i t y  def ic ienc ies  a r e  ca lcu la ted  from the  values of the  v e l o c i t i e s  
with and without the  wake a t  the  same y/d, the  d i s t r i b u t i o n  of AUT be- 
comes symmetrical f o r  the  major portion of t he  wake except a t  the  edges, 
where the  end conditions have d i f f e ren t  tu rbulen t  proper t ies .  This f a c t  
i s  shown i n  f igu re  7, and it per ta ins  t o  a l l  A s  
mentioned i n  the ana lys i s ,  the  dimensionless form of the  v e l o c i t y  de- 
f i c i e n c i e s  agrees very wel l  with the ana lys i s  based on laminar flow o r  
t h a t  of  turbulent  flow i n  a f r e e  stream with t h e  assumption of a constant  
shear -s t ress  coe f f i c i en t .  Accepting the r e l a t i o n  

0.20 C q/d < 0.50. 

t o  be v a l i d  a l s o  f o r  t h i s  type wake, provided t h e  wake never spreads t o  
the  w a l l ,  it becomes a problem t o  es tab l i sh  the  dependence of (AUT)max 
and bo on the  coordinate x .  The problem f o r  t he  mean-velocity d i s -  
t r i b u t i o n  i s  then solved semianalytically f o r  values of 
or f o r  q/D >15.7. 

0.20 c r)/d c 0.50 

S t a t i c  Pressure i n  Wake 

Sta t ic -pressure  d i s t r ibu t ions  i n  the  v i c i n i t y  of the  cyl inder  were 
measured, and a typ ica l  d i s t r ibu t ion  i s  shown i n  f igu re  8.  The term Ap 
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i s  the pressure drop caused by the viscous wake. The measureEents show 
t h a t  the changes i n  s t a t i c  pressure caused by the  cy l inder  disappear t o  - 
1 percent of the dynamic pressure a t  a dis tance of 3 0 D .  Since f o r  t he  
posit ion of the  wire 
a t  x/D = 25.5, the  decay of the  ' s ta t ic -pressure  peak i s  a l s o  represented 
i n  f i g u r e  9 .  It could be not iced i n  f igu re  8 t h a t  very near  t h e  wire, 
a t  x/D = 5.1, the  s ta t ic -pressure  def ic iency has an increase outside the  
wake for  a small y/d dis tance.  This i s  a t t r i b u t e d  t o  the p o t e n t i a l  ef-  
f e c t s  of the flow i n  the  v i c i n i t y  of t he  wire. 

v/d = 0.0715 the  wake has not spread t o  the w a l l  

Turbulence Measurements 

Turbulence i n t e n s i t i e s .  - The root-mean-square values of t he  turbu- 
lence i n  the  d i r e c t i o n  of the  flow were measured a t  various dis tances  
downstream of the t r i p p i n g  wire. 
t he  shear-layer proper t ies  on the  decay, the  t r i p p i n g  wire was placed a t  

l o c a l  turbulence l eve l s  a r e  presented i n  f igu res  10 t o  13. From these  
f igures  it i s  apparent t h a t  the  l e v e l  of turbulence generated a t  the  

portion of the shear layer  was t r ipped .  
that, fo r  varying t r i p  pos i t ions ,  the  turbulence generated i n  t h e  proximate 
v i c i n i t y  of t h e  t r i p p i n g  wire i s  the  same, but  t he  absolute  r a t e  of decay 
i s  d i f f e ren t  a t  d i f f e r e n t  loca t ions  of t he  t r i p p i n g  wire. Figure 14 shows 
the  decay of turbulence i n t e n s i t y  a t  t h e  center  of the  wake f o r  various 
locations of the  t r i p  posi t ion.  It i s  i n t e r e s t i n g  t o  note  that the  turbu- 
lence decay a t  the center  of t he  shear l a y e r  extends very n i c e l y  i n t o  
Townsend's data taken i n  a f r e e  stream with low turbulence ( r e f .  8 ) .  

I n  order  t o  compare the inf luence of 

four transverse loca t ions :  q/d = 0.072, 0.20, 0.292, and 0.50. The 

start  of t he  wake behind the  t r ipp ing  cy l inder  i s  not a funct ion of which 4 

I n  o ther  words, it can be s a i d  

A comparison of t he  t o t a l  decay r a t e  should not  be derived from the  
slope of these curves alone, because the  end conditions a t  the  d i f f e r e n t  
tr ipping-wire loca t ions  a r e  not  the same. 
t he  decay will be completed a t  a l e v e l  of approximately 
while a t  qfd = 0.5 
The representation of t o t a l  amount of turbulence t o  undergo decay i s  shown 
i n  f igure 15. This f i g u r e  ind ica t e s  t he  amount of turbulence a t  the  
center  of the  wake above the  i n i t i a l  o r  f i n a l  s t a t e  i n  the  shear  layer .  
Since Townsend's i n i t i a l  turbulence i s  zero,  h i s  curve remains as i n  
f igu re  14. These curves show the  same rate of decay on a l l  four  t r i p  
posit ions.  The only d i f fe rence  among them i s  t h a t  the  o r ig in  i s  lower 
f o r  t r i p  posi t ions near t he  s o l i d  boundary. This i s  due t o  the  f a c t  t h a t  
t h e  f i n a l  l e v e l  of turbulence i s  l a r g e r  near  t h e  s o l i d  boundary. For 
comparison of decay lengths,  f i g u r e  16  has been drawn from the  data i n  
f i g u r e  15. An a r b i t r a r y  l e v e l  of turbulence A ( L )  = 0.25 was chosen 

above the f i n a l  s t a t e ,  and the  length of process t o  reach that l e v e l  i s  
p l o t t e d  i n  f i g u r e  16  as a funct ion of t he  t r i p  p o s i t i o n  

For instance,  a t  v/d = 0.072, 
E'/U = 0.095, 

the  decay will go down t o  a l e v e l  of K'/U = 0.038. 

UmaX 

q/d. A t  the  
c 



c a r b i t r a r i l y  chosen l e v e l ,  it becomes apparent 
length a t  v/d = 0.072 than a t  t h e  center of 

15 

ik.t it t&e: twice t h e  
the channel. 

Up t o  t h i s  po in t  comparisons have been made of t he  absolu te  and 
r e l a t i v e  orders of magnitude of the  turbulence l e v e l  of t he  c e n t e r  of the  
wake as it decayed downstream from the t r ipping cyl inder .  
the proportionate l eve l s  with respect  t o  the  f i n a l  s t a t e  i s  presented i n  
f igu re  1 7 .  Here the  values presented i n  f i gu re  15 a r e  divided by the  
l e v e l  of turbulence when the decay process i s  completed or by the i n i t i a l  

A comparison of 

jc I) l e v e l  of turbulence. 

i 
-I 

I n t e g r a l  s ca l e s .  - If one assumes that the  power spectrum of turbu- 
lence i n t e n s i t y  i n  t h e  main d i r e c t i o n  of flow can be empir ical ly  repre-  
sented by ( r e f .  11) 

2 &/Uo 
2 2  2 F(n) = - ' 1 + n L,/U, ( 7 )  

0 then it i s  possible  t o  show ( r e f .  18) t h a t  the i n t e g r a l  s ca l e  & can be 
sbtained from the r a t i o  of the  compensated t o  uncompensated turbulen t  
energies.  This expression tui*ns out t o  he: 

where X i s  the  time constant of the  wire, Uo i s  the  maximum veloc i ty  
i n  t h e  shear  layer ,  and 0 i s  the  r a t i o  ( u ' ~ ) ~ o m p / ( u l ~ ) u n c o m p .  Thi s 
r e l a t i o n  f o r  
t he  i n t e g r a l  sca le  i n  the  f u l l y  developed turbulen t  shear l aye r  as de- 
f i n e d  from t he  i n t e g r a l  of the cor re la t ion  func t ion  

- - 
L, was shown by Laufer ( ref .  11) t o  approximate f a i r l y  w e l l  

where 
t h e  d i r e c t i o n  of flow separated by a dis tance x. 

R, i s  the  c o r r e l a t i o n  coef f ic ien t  of two turbulen t  s igna ls  along 

Power spec t ra  measurements were not taken, and consequently the  
v a l i d i t y  of equation ( 7 )  f o r  the power spectrum i n  the  wake was n o t  i n -  
vesg i ta ted .  However, i n  f igure  18 the increase i n  Lx/D with d is tance  
downstream from the  wire shows tha t ,  a t  the  center  of the  wake, t he  
process o r ig ina t e s  a t  approximately 
r e l i a b i l i t y  i n  the  method. 

Lx/D = 1.0, which shows good 

0 
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.The time constant M w a s  determined from the  compensating e l e c t r i c a l  
network. The d i s t r i b u t i o n  of Lx across  the wake a t  d i f f e ren t  locat ions 
of the t r i p p i n g  cyl inder  i s  presented i n  f igu res  19 t o  22. A s  mentioned 
above, the l eve l s  of a t  the  center  of the  wake as a funct ion of d i s -  
tance downstream a r e  shown i n  f igu re  18 f o r  various pos i t ions  of t he  
t r ipping wire. 

Comparison of these sca l e s  with those of Townsend performed i n  the  
f r e e  stream i s  not possible ,  s ince t h e  ult imate f i n a l  s t a t e  of the  sca les  
i n  a free-stream wake i s  d i f f e r e n t  from t h a t  i n  the  f u l l y  developed t u r -  
bulent shear f low. 

The i n t e g r a l  s ca l e  i s  one measure of t he  turbulence s t ruc tu re .  The 
pat tern of the turbulence f l u c t u a t i o n  u '  w a s  photographed from the  
oscil loscope. Figure 23 demonstrates the  difference i n  s t ruc tu re  between 
a point a t  the  center  of t he  wake and one j u s t  outs ide the  wake. 

wake was taken i n  order t o  see whether intermit tency of turbulence e f f lux  
a t  the  wake boundaries could be noticed. Patches of high frequency can 
be observed i n  the  lower t r ace .  The measured values of the  i n t e g r a l  4 

sca les  a l s o  show the  abundance of high frequency (low sca l e s )  a t  t he  
center  of the  wake when compared with t h a t  outs ide the  wake. 

The 
time scales on the  p i c t u r e s  a r e  the same. The p a t t e r n  j u s t  outs ide the < 

Decay Phenomenon of Velocity Deficiency 

I f  equation (sa) i s  considered a representa t ive  dimensionless 
velocity-deficiency d i s t r i b u t i o n  i n  the  wakes i n  turbulen t  shear flows 
f o r  0.20 < v/d < 0.50 and T)/D > 15.7,  then e s t a b l i s h i n g  the  dependence 
of  AUT)^^ and bo as a funct ion of x es tab l i shes  the  mean-velocity 
d i s t r ibu t ion  i n  the  wake. The var ia t ions  of (AUT)mx/Us f o r  various 
posi t ions v/d a r e  shown i n  f igu re  24 (Us i s  the  undisturbed ve loc i ty  
a t  the center of t he  wire, that i s ,  a t  
does not decay with a simple power l a w  as i n  the  case of the  f r e e  stream, 
as shown by Townsend's measurements on the  same f igu re .  One could even 
argue about the l i n e a r i t y  of Townsend's r e s u l t s  and make h i s  experimental 
points  f a l l  on a curve with the  same o r i g i n  and belonging t o  the family 
of curves shown. Tomsend ( r e f .  8)  has a l ready  shown i n  h i s  ana lys i s  of 
turbulent  wakes i n  the  f r e e  stream t h a t ,  if s i m i l a r i t y  e x i s t s  i n  the  
mean-velocity d i s t r i b u t i o n  and the  turbulen t  shear s t r e s s ,  and a l s o  i f  
t he  s imi l a r i t y  l a w  of t he  mean ve loc i ty  i s  assumed t o  be a Gaussian e r r o r  
function, then from the  momentum and energy equation the  decay of the  
maximum veloci ty  def ic iency i s  somewhat d i f f e r e n t  from t h e  simple power 
l a w  of -1/2. 

T)/d). The ve loc i ty  def ic iency 

H i s  expression was i n  the  form 

4 
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For t h i s  case B was determined t o  be 0.43. Actually the  process 
of decay here i s  much f a s t e r ,  since f o r  l a rge  values of 
i n  f igu re  24 take an average slope of about -4/5. 
it i s  expected t h a t  t he  decay process should be f a s t e r  than t h a t  of a 
wake i n  a f r e e  stream. This i s  e a s i l y  explained by observing the  terms 
i n  the  equation f o r  the  r a t e  of turbulent energy interchange: 

x/D the curves 
I n  t h i s  inves t iga t ion  

I n  the  v i c i n i t y  of the  wire, where gradients i n  the  x- and y-direct ions 
a r e  la rge ,  the e n t i r e  eqiatioz (10) appl ies .  I n  the  region f a r  downstream 
of the  wire the  terms involving gradients i n  x may be negiected compared 
with those i n  y and equation (10) becomes 

1 (. ax a -  q '2)+ & l a -  . t q 1 2 ) +  (+- $) = - --(% 1 a -  p ' v y )  + ( u ' v 2 u '  + v'V2vI 
2 

T'ne energy t ranspor t  i n s ide  the  wake due t o  t h e  order of magnitude of 
t he  terms above i s  helped considerably by the  gradients  outs ide the  wake 
as w e l l .  The f i r s t  quant i ty  i n  parentheses i n  equations (10) and ( loa)  
ind ica tes  the  r a t e  of energy convected by the  mean flow. The second 
parentheses represents  the  d i f fus ion  of tu rbulen t  energy by the  turbulen t  
motion. The t h i r d  i s  the  production of tu rbulen t  energy, the f o u r t h  i s  
the  work due t o  the  pressure f luc tua t ion ,  and the las t  includes the  
viscous d i s s i p a t i o n  and viscous work. It i s  i n t e r e s t i n g  t o  note t h a t  t he  
end of t he  wake on the w a l l  s i de  of the shear l aye r  has a much g rea t e r  i n -  
f luence because of i t s  l a r g e r  gradients than the  other  s i d e  of the wake. 
This i s  the reason the  conditions a t  t h e  two ends of t he  wake as shown 
i n  f i g u r e  7 a r e  not  i d e n t i c a l .  I n  the case of q/D < 15.7,  when the  edge 
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of the wake reaches the  w a l l ,  the  energy interchange with the  outs ide 
i s  l imited t o  the  outer  s ide  of the  wake, and consequently the decay 
process i s  slower. 

Spread of Wake 

c 

The spread of the  wake represented i n  f i g u r e  25  does not  seem t o  be 
a function of the  pos i t ion  of the t r i p p i n g  wire as the  maximum veloc i ty  
deficiency does. The spread of bo i s  again f a s t e r  than t h a t  obtained 
by Reichardt ( r e f .  5) and Schl icht ing ( r e f .  2 )  f o r  a free-stream two- 
dimensional wake. Since the  momentum i n  the  wake i s  r e l a t e d  t o  the  drag 
on the cyl inder ,  by i n t e g r a t i n g  over a cont ro l  surface enclosing the 
cylinder, the  drag and consequently the  drag c o e f f i c i e n t  were ca lcu la ted  
and entered i n  the  &mensionless representat ion of the  spread bo i n  
f igure  25.  
by a simple power l a w  with an exponent 0.59. 

!The spread of t he  wake can then be represented f o r  a l l  v/d 

Scale  of Decay f o r  Mean Velocity L 

I n  order t o  e s t a b l i s h  a r e l a t i v e  order of magnitude of the  length  
x/D, the wake must decay a t  various loca t ions  
a r b i t r a r y  decay of t he  wake corresponding t o   AUT)^&, = 0.03 
chosen f o r  comparison. 
of t he  ordinate 0.03 p a r a l l e l  t o  the  absc issa ,  the  decay lengths 
a r e  obtained and can be p l o t t e d  as i n  f igu re  26. This f igu re  i n  l i n e a r  
coordinates shows the inf luence of on the  decay phenomenon b e t t e r  
than the logarithmic representat ion i n  f igu re  24. The free-stream decay 
of t h e  wake t o  the  3-percent value of the  undisturbed ve loc i ty  ahead of 
t h e  cylinder would have taken approximately 950D, as shown i n  f i g u r e  24. 
This indicated t h a t  the  decay process i n  the  shear l aye r  i s  a t  l e a s t  
t h ree  times as fas t  as the one i n  the  f r e e  stream. This shortening of 
the decay length i s  due to:  

q/d of the  cylinder;  an 
w a s  

If i n  f igure  24 a l i n e  i s  drawn through the  value 
L/D 

q/d 

(1) The high l e v e l s  of turbulence a t  the  o r i g i n  of the  wake 

( 2 )  The spread of the  wake i n t o  a turbulen t  and r e l a t i v e l y  high 
v o r t i c i t y  f i e l d  where turbulen t  energy i s  t ranspor ted  i n  the  
absence of the  wake 

(3) The presence of t he  favorable pressure grad ien t  i n  the  channel 
which acce lera tes  t he  motion i n  the  wake 
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CONCLUSIONS 

The experimental measurements i n  the wake of a two-dimensional cyl-  
inder  i n  a f u l l y  developed turbulen t  viscous l a y e r  showed t h e  following 
po in t s  of i n t e r e s t :  

1. The dimensionless mean-velocity def ic iency  i n  the  wake d isp lays  
similarities with t h e  laminar or turbulent  wake i n  a f r e e  stream. The 
asymmetry of t h e  condi t ions of t h e  flow outs ide  t h e  wake makes i t s e l f  
f e l t  a t  t h e  edges of t h e  wake. 

2. The e f f e c t  of t h e  favorable  pressure drop i n  t h e  wind tunnel  i s  
t o  help reduce t h e  ve loc i ty  def ic iency throughout t he  wake. 
drop was not  l a rge  enough t o  a f f e c t  t h e  s i m i l a r i t y .  

The pressure  

3. For t he  r a t i o  of cy l inder  diameter t o  channel width i n  t h i s  ex- 

q/d = 0.2, t he  wake spreads t o  the w a l l  before  being completely 
periment, when t h e  cy l inder  i s  placed a t  a d is tance  from the  w a l l  smaller 
than 
mixed (7, dis tance  of t r i pp ing  wire from channel W a l l j  d, l o c a l  channel 
width).  The process of mixing becomes much slower a f t e r  one edge of t h e  
wake has spread t o  t h e  w a l l .  

4. The s t a t i c -p res su re  grad ien ts  due t o  t h e  cy i inder  and i n  the  
v i c i n i t y  of t he  cy l inder  can be completely neglected after 30 cyl inder  
diameters. 

5. When the  cy l inder  i s  a t  t h e  center of t h e  channel, t he  longi tu-  
d i n a l  decay of t h e  ve loc i ty  deficiency r equ i r e s  a length  th ree  times as 
shor t  as the  decay i n  the  f r e e  stream. When t h e  cy l inder  i s  a t  a dis- 
tance from the  w a l l  q/d = 0.2, t he  decay l eng th  i s  reduced by a f a c t o r  
of four  when compared with t h e  free-mixing problem with a low-turbulence 
f r e e  stream. 

For the  region i n  the  viscous layer where t h e  cy l inder  was posi t ioned 
0.2 < q/d < 0.5, t h e  mean-velocity gradients  and t h e  turbulence l e v e l  i n  
t h e  undis t r ibu ted  flow do not  vary considerably. 
t o  choose a smaller r a t i o  of wire diameter t o  channel width 
approach the  w a l l  even f u r t h e r ,  making sure  t h e  wake decays t o  a reason- 
a b l y  low value before  it spreads t o  the w a l l .  
e s t  t o  study the  decay process when one edge of t h e  wake spreads t o  t h e  
wall. 

It would be .of i n t e r e s t  
D,/d and 

A l s o  it would be of i n t e r -  

Syracuse University,  
Syracuse, N. Y., January 7, 1959 



20 

APPENDIX - DISCUSSION ON WAKES AND JETS IN UNIFORM FREE STREAMS 

The problem of free mixing of two- or three-dimensional jets and 
wakes shows remarkable similarities, far enough downstream, in the dis- 
tribution of the mean velocity. This fact was mentioned by Reichardt 
(ref. 13) and led him to believe that all free-mixing processes of ve- 
locity discontinuities reach a condition far enough downstream where the 
process could be described by the one-dimensional heat equation with 
nonconstant coefficients. This work is referred to in the literature Y today as the inductive theory of turbulence. P 

a3 c 
This amazing similarity in the free-mixing processes is shown here 

in some detail for the reason that it not only applies to free-stream 
conditions that are uniform but to free streams with moderately high 
vorticity and turbulence as well, as in the case of this investigation. 

The dynamic equations for the mean motion of the flow far enough 
downstream of a cylinder reads as equation (1) or (3). 

ciency. 
a more general form in equation (5). 
laminar as well as the turbulent wake agree well with equation (2) and 
consequently equation ( 5 ) ,  

U, is the free- 

The solution of these equations is given in equation (4) and in 
stream velocity, u1 and v1 are the components of the velocity defi- 4 

Since the experimental data for the 

E =  e - a p  

it becomes reasonable to assume that the differential equation for the 
laminar case (eq. (3)) is also the equation for the turbulent wake ex- 
cept for the coefficients. 
for constant shear coefficient factored the turbulent shear stress with 
the laminar one and changed the kinematic viscosity into a "virtual 
kinematic viscosity" E .  The equation pertaining to the turbulent wake 
is then 

Goertler (ref. 15) using Prandtl's hypothesis 

This implies that the turbulent shear stress is proportional to the 
laminar shear. The proportionality factor is taken as a constant. Re- 
gardless of the coefficients, the dimensionless solution given in equa- 
tion (5) always satisfies. For a = 0.6932 
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E = T - ) -  u1 - 
u1 max 

Depending on the  type of f r e e  

7 
2 

-ai 
e = e  

w i l l  assume d i f f e r e n t  dependences on x. However, t he  experimental 
measurements i n  f igu res  27  and 7 show that the  dimensionless form i n  
appl ies  t o  a l l .  
and round j e t s  are shown i n  f igu re  27  together  with the  so lu t ion  of 
equation (5). Miss Swain ( r e f .  1 9 )  has analyzed t h e  problem of the three-  
dimensional wake and predicted the sme  type of so lu t ion  found by 
Schl ich t ing  for t h e  two-dimensional turbulent wake based on P r a n d t l ’ s  
mixing-length theory.  
per ta in ing  t o  the  d i f f e r e n t  types of mixing co r re l a t e  remarkably well 
within the  experimental s c a t t e r  of any one s e t  of measurements. Equa- 
t i o n  (sa) i s  a good representa t ive  for  a l l  the  measurements. 
shows the  same experimental po in ts  p lo t ted  with var ious a n a l y t i c a l  solu- 
t i o n s  derived for each ind iv idua l  case. It can be seen t h a t  the  analyt-  
i c a l  so lu t ions  show a much wider s ca t t e r  among themselves than the  ex- 
perimental  po in ts  per ta in ing  t o  the  d i f f e ren t  phys ica l  configurat ions.  

5 
The experimental data f o r  two-dimensional j e t s  and wakes 

Figure 27  shows f i r s t  t h a t  the  experimental data 

Figure 28 

The various t h e o r e t i c a l  curves shown i n  f i g u r e  2 8  should be recog- 
nized as follows: 
constant  mixing length across  the  two-dimensional tu rbulen t  f r e e  wake 
according t o  the  equation 

Curve 1 i s  from Schlichting (refs. 2 and 14) assuming 

The d i f f i c u l t y  with t h i s  so lu t ion  i s  that it gives  a f i n i t e  width f o r  

center  t he re  i s  a d iscont inui ty  i n  the curvature of t he  v e l o c i t y  p r o f i l e .  

t he  as the  - n l  3vrUuion + * r-uns away f e r  l z rge  values of yw. Also, i n  t he  

Curve 2 i s  equation ( 2 )  changed to  the  form of equation (5) following 
Goer t le r  assuming a constant  shear-s t ress  c o e f f i c i e n t  i n  the  two- 
dimensional tu rbulen t  wake. 

Curve 3 i s  f o r  t he  two-dimensional j e t  of Tollmien ( r e f .  4 ) .  H i s  
s o l u t i o n  i s  based on P r a n d t l ’ s  mixing-length hypothesis.  The form of t he  
s o l u t i o n  i s  not  reported,  as it does not appear i n  a closed e x p l i c i t  
form. 

Curve 4 i s  again for t he  two-dimensional tu rbulen t  j e t  of Goert ler  
I n  the co- (ref. 15), who assumed a constant  shear-s t ress  coe f f i c i en t .  

o rd ina tes  of f igu re  28 ,  h i s  solut ion transforms i n t o  
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0.335 jiw u1 = 1 - tanh' ( bo ) (V,),,=Omax 
Curve 5 is Tollmien's solution for the round jet with the same 

mixing-length assumption he adopted for the two-dimensional jet in his 
analysis for curve 3. 
not appear in a closed explicit form. 

Again the solution is not reported because it does 

Curve 6 corresponds to the round jet assuming Goertler's constant 
virtual kinematic viscosity and a constant jet strength during the 
expansion 

UT 1 

Miss Swain (ref. 19) has shown that, for a wake behind a body of 
revolution, the solution reduces to that given by Schlichting for the 
two-dimensional wake. Corrsin (ref. 7) has shown that using Taylor's 
assumption of constant transport of vorticity, at least for the round 
jet, does not give a better fitting solution than those obtained by 
Prandtl's momentum transfer or constant-shear-coefficient hypothesis. 
Just from inspection of figures 27 and 28 it becomes apparent that the 
exponential f o m  of solution (curve 2) seems to represent the experimental 
values better than the others. The mixing problem of velocity discon- 
tinuities created by jets and wakes can be considered with good approxi- 
mation to be as given by equation (5) where (AUT),, = f(x) and 
must be determined experimentally. 

bo = W(x) 

In general one may say that the general form of mixing solution 

u1 = f(x)e -a~3512 
with ul/f(x) = and y/cp(x) = 5 satisfies the differential equations 

5" + 2aE'C + 2a5 = 0 

In the case of the circular jet and two-dimensional wake f(x) - l/cp(x). 
The functions f (x) and cp(x) have been determined experimentally 

in this work for the decay process of wakes in turbulent shear flow. 
These functions are represented in figures 24 and 25. 
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Figure 2. - Probe traversing mechanism mounted on tunnel wall. 
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( a )  In center of wake. I 

(b) Just  outside wake; y/d, 0.026. 

Figure 23. - Oscilloscope t r a c e  of u1 (t) ve loc i ty  f luctuat ion.  
q/d, 0.0715; x/D, 5.1 
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Figure 27. - Correlated experimental velocity distributions of I 

fully developed wakes and jets. 
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Figure 28. - Comparison of a n a l y t i c a l  solutions with experi- 
mental data for f u l l y  developed wakes and jets. 
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